These studies have enriched our knowledge of the prihighest at the junction of the precentral and superior mate cortical organization, especially in striate and exfrontal sulci in humans and in the frontal eye field (FEF) trastriate visual areas, but our understanding of interin monkeys. BOLD activation peaks were also found species correspondences of the neocortical association in premotor areas (BA6) in monkeys, which suggests areas is still fragmentary. In the present study, we used that the apparent discrepancy in location between puhigh-field fMRI at 4.7 T to obtain blood oxygenation tative human FEF (BA6, suggested by imaging studies) level-dependent ( Monkey fMRI Studies difficult to directly determine correspondences of the Three awake macaque monkeys underwent functional cortical oculomotor centers between humans and monscanning in a 4.7 T MRI scanner while they performed keys due to methodological differences. oculomotor tasks with their eye positions monitored by The frontal eye field (FEF), a major brain center rean infrared-sensitive CCD camera. We used blockedsponsible for control of the saccadic eye movement, design fMRI to identify brain regions activated during is a landmark structure demarcating anatomically and visually guided saccades compared to fixation baseline functionally distinct divisions of the frontal cortex and also used event-related fMRI to examine the modulation of neural activity by saccade directions in regions of interest (ROIs) localized by the blocked-design fMRI results.
In the posterior parietal cortex, significant BOLD activations were clustered along the banks of the intraparietal sulcus, mainly in BA 7 (Figure 2A ). There were multiple pairs of bilateral peaks from the fundus to the lateral bank of the intraparietal sulcus ( Figure 2B ). We call a pair of bilateral activity peaks "homotopic" (see Experimental Procedures). The most dorsally located one is likely situated in area LIPd (dorsal lateral intraparietal), whereas ventrally located ones are possibly in areas LIPv (ventral lateral intraparietal) or VIP (ventral intraparietal) (Seltzer and Pandya, 1986 ; Colby et al., 1993; Andersen et al., 1997; Lewis and Van Essen, 2000) . In this paper, we tentatively label these peaks "LIPv" and "LIPv/VIP," respectively. Close to the LIPd, activity was also situated on the lateral surface of the inferior parietal lobule (area 7a). A distinctive homotopic peak was also found at the posterior tip of the parietal convexity near the junction of the intraparietal, parietooccipital, and lunate sulci. The BOLD signal was mapped both in area DP (dorsal prelunate) lateral to the intraparietal sulcus (Andersen et al., 1990 ; Lewis and Van Essen, 2000) and in the adjacent cortex dorsomedial to the intraparietal sulcus (Nakamura et al., 1999; Snyder et al., 2000). We tentatively call this spot "area DP." Homotopic peaks were also located more anteriorly in area 7a/7b and in cades compared with ipsiversive saccades, we defined and there were intertrial intervals of 2-3 s. In the event-"contraversive selectivity" in functionally defined ROIs related fMRI, animals were required to make a horizontal based on the blocked-design results (see Experimental visually guided saccade up to three times within a trial.
Procedures). We found that, in most ROIs, the contraverThe proportion correct was 94.7% Ϯ 0.7%, latency was sive selectivity showed significant direction preference 220.3 Ϯ 11.3 ms, and the standard deviation of the eye (p Ͻ 0.05, Wilcoxon signed rank test; Table 1 ). Among position during the postsaccadic fixation period was the parietal homotopic ROIs, the contraversive selectiv-0.25 Ϯ 0.18 degrees. With the use of plastic head-holdity was highest in LIPd (z ϭ 8.2) ( Figure 3B ). Dorsally ing devices, motion of the monkey head during the funclocated regions (LIPd and 7a) tended to show higher tional data acquisition was minimal: drifts were less than selectivities than ventrally located regions (LIPv and 0.2 mm, and rotations were less than 0.3 degrees.
LIPv/VIP). Among the frontal homotopic ROIs, FEF Cortical Regions Activated during Visually showed the highest contraversive selectivity (z ϭ 4.8), Guided Saccades and premotor areas showed low selectivities. In the uniThe group analysis of the blocked-design fMRI data led laterally activated peaks in the frontal and parietal cortito visualization of a distributed neural system in the ces, the contraversive selectivities were similar to those dorsal frontoparietal network subserving saccadic eye control (Figure 2 ; Table 1). of nearby homotopic peaks (Table 1 ). Human fMRI Studies tex, homotopic regions were also situated in the visual areas and in the cerebellum.
Cortical Regions Activated during Visually Guided Saccades
In the frontal cortex, there was a large body of activations occupying the banks of the precentral sulcus We conducted functional scanning of healthy human subjects with a 1.5 T MRI scanner, using the same task (PrCS), which continued to the superior frontal sulcus (SFS) and the medial wall of the frontal cortex. We tentasequence and visual stimuli as in the monkey experiments. A random effect analysis of the blocked-design tively identified four pairs of homotopic peaks within this cluster (Table 2) : PrCS/SFS, located at a medial fMRI data showed significant activations related to saccadic eye movements in dorsal cortical regions includposition in the cluster near the junction of the precentral and the superior frontal sulci; inferior PrCS, located at ing the frontal and posterior parietal cortex ( Figure 4A ).
In the parietal cortex, two pairs of homotopic peaks an inferior and lateral position in the cluster near the lip of the precentral sulcus; superior PrCS, located at a were distinguished along the intraparietal sulcus in the superior parietal lobule, approximately in BA 7 (Table  superior and Figure 4C ). In the (Figures 2A and 6C) . The activation appeared to include area DP on the lateral surface where saccade-SPL, were bilaterally situated in the human SPL. Among them, the more posteriorly and superiorly located peaks dence is divergent for interspecies correspondences of IPL and SPL in primates (Brodmann, 1905; Von Bonin (posterior SPL) showed higher neural selectivity to the directions of saccade (Table 2 ). This result was compaand Bailey, 1947). In the regions near the parietooccipital junction, sacrable to the finding from our monkey study that the more dorsally situated peaks, including some unilateral cade-related BOLD activity was found in monkeys (area DP) and humans (area IPS/TOS). However, monkey DP regions, exhibited higher contraversive selectivity (Table  1) . From these observations, our study adds functional was different from human IPS/TOS in two respects. First, in monkey DP, the signal changes during the saccade evidence that the human posterior SPL might be similar to the monkey LIPd (Figures 6C and 6D ). This view is condition were significantly larger than during the visual control condition (p Ͻ 0.0001, ANOVA, Tukey's test), consistent with a finding from a human imaging study that singularity of preferred directions lying in the postewhereas in human IPS/TOS, the signal changes were not significantly different between the two conditions rior portion of the SPL may correspond to the "putative" human LIP (Sereno et al., 2001) . However, other inde-(p ϭ 0.0528). This suggests that, unlike in monkey DP, activity in human IPS/TOS may largely be accounted for pendent studies are required to determine functional correspondences, because existing anatomical evias a response to the visual stimulus. Second, human IPS/TOS showed the strongest bias toward contraveractivity in the premotor areas could be attributed to task-irrelevant body movements coincidentally corresive saccade among the parietal regions (Table 2) , while the monkey area DP showed the weakest (Table 1) The extent of BOLD activation during the visually the border of BA 6 and BA 8 and show the highest neural selectivity for contraversive saccades in the frontal corguided saccades in our study, which we tentatively call "FEFϩ," was not restricted in the extent of microstimulatex ( Figures 6A and 6B ). Human inferior PrCS near the posterior bank of the precentral sulcus could possibly tion-defined FEF in monkeys, which we call "FEF proper." FEFϩ extended far more posteriorly than we be functionally similar to the monkey premotor areas, since both areas are situated in the middle of BA 6 and had expected to other peaks that were located in premotor areas (BA 6) near the posterior spur of the arcuate exhibit relatively low contraversive selectivity. Consistent with previous imaging studies that have sulcus ( Figure 6A ). Since no prominent activation was found in the primary motor cortex, it is not likely that argued that human supplementary eye fields (SEF) are ), we found activity in the human MeFG. In the differences across the two species. However, the direct comparison of saccade metrics across the two species present study, the monkey SEF (Schlag and SchlagRey, 1987; Schall, 1997) was not robustly activated in may need some reservations, because monkeys' heads were much more firmly immobilized with head holders, the group data, although activity was observed in some and the resolution of eye position monitoring was finer individuals ( Figure 2D ). The reason why the monkey SEF for them than for humans. As far as we examined within activity did not reach significance bilaterally at the popuhuman subjects, saccade errors were not significantly lation level is likely explained by two factors. First, it has correlated with MR signal changes in the MeFG ROIs been suggested that neural activity in SEF decreases as (p Ͼ 0.16). Second, since the monkey SEF is one of the subjects become habituated to the task through learning structures situated farthest from the AC-PC plane, a and experience in both humans (Sakai et al., 1998) and currently available registration algorithm might not be monkeys (Chen and Wise, 1995) . In this sense, our monaccurate enough to compensate for the variability of keys were experts who were overtrained in the oculomoindividual monkey brains. tor tasks for months, whereas the human participants were novices without any experience prior to the scanning. To test this possibility, we compared saccade In human experiments, a random-effect model was used for estimatto perform a group analysis of the monkeys and to introduce a ing the data, since there were more subjects for the human study stereotaxic coordinate arranged in bicommissural space in which and more runs for the monkey study. Coordinates are listed in SPMthe origin was placed at the anterior commissure (Nakahara et al., MNI space (http://www.fil.ion.ucl.ac.uk/spm/) and also in Talairach 2002) . After normalization, the images were spatially smoothed with and Tournoux atlas space (Talairach and Tournoux, 1988) using a a Gaussian kernel (full width at half maximum 2 mm for the blockedcoordinate transformation program (http://www.mrc-cbu.cam.ac.uk/ design experiments, 3 mm for the event-related experiments). We Imaging/Common/mnispace.shtml). We assessed statistical significonducted voxel-wise statistical analysis based on the general linear cance at a single-voxel threshold of p Ͻ 0.05 corrected for multiple model (GLM) using SPM99. In the blocked paradigm, sustained comparisons. We excluded those peaks within 8 mm of another neural activity during each saccade block was modeled as a boxedpeak with a higher t value. For the ROI analysis, data from ten runs car covariate of variable length in SPM99, and realignment paramewas collected for each subject, and 3 mm radius sphere ROIs around ters were also included in the model as covariates of no interest. A local peaks were used. The homotopic ROIs were defined when the fixed-effect model was used for the group analysis of data from the distance of the matched nearest peaks did not exceed 10 mm (round three monkeys. We assessed statistical significance at a criterion off to 1 mm place). Data from individual subjects, instead of individof a single-voxel threshold of p Ͻ 0.05 corrected for multiple comual runs, were used for the ROI analysis in the human study, since parisons (SPM99 default) across the brain volume examined. We there were more subjects for the human study and more runs for excluded those peaks within 4 mm of another peak with higher t the monkey study. value. To confirm intersubject reproducibility of activated regions, we examined whether distinct peaks were located in individual monVisual Control Experiments in Monkeys and Humans keys within 4 mm of the activity peak of the group analysis (Table  Two experiments except that the interslice gap of 0.5 mm was used in To define a homotopic pair of peaks, we used a nearest-neighbor monkeys to cover ventrally located visual areas. In monkeys, data algorithm (Burgund et al., 2003) as follows. First, we flipped the from 138 runs with the two subjects were analyzed with the fixedx-coordinates of all the peaks in the left hemisphere and superimeffect model. In humans, data from ten runs were averaged for each posed them on the right hemisphere. Second, for each of the peaks subject and analyzed with the random-effect model. BOLD signal derived from the left hemisphere, the nearest peak originally located changes under the control condition were measured at the voxel in the right hemisphere was chosen and vice versa. If the nearest with the maximal t value within a spherical ROI (1 mm radius for peaks from both hemispheres matched to each other and the dismonkeys; 3 mm radius for humans) around each homotopic peak tance did not exceed 5 mm, they were paired as homotopic peaks.
Methodological Considerations
In the event-related fMRI, neural activity associated with leftward defined in the saccade experiments. The signal changes were aver- 
